Summary
DDB0232002 respectively;
). Dictyostelium Ku80 contains a conserved C-terminal extension (Figure 1B) that has previously been shown to be required to recruit human DNA-PKcs to sites of DNA damage [4] . Accordingly, we identified a gene in the Dictyostelium genome database encoding a protein of 4299 amino acids that exhibits 27% identity and 46% similarity to human DNA-PKcs throughout its entire open reading frame (dnapkcs; DDB0229336) and contains a conserved phosphatidylinositol-3-kinase-like kinase (PIKK) domain at its C terminus (Figure 2A) .
DNA-PKcs is a member of the PIKK family of protein kinases [6] . The Dictyostelium genome contains orthologs of other PIKKs including ATR (DDB0229332), Smg1 (DDB0229297), TRRAP (DDB0229338), and mTOR (DDB0214908) ( [7] ; Figure 2B ), although we have been unsuccessful in identifying an open reading frame that exhibits significant homology to ATM. Dictyostelium DNA-PKcs is more related to DNA-PKcs from a variety of species than to other PIKK family members ( Figure 2B ). In addition, the predicted sequence contains several motifs conserved in PIKK family members including FAT and FAT-C domains [8, 9] and several putative autophosphorylation sites implicated in DNAPKcs function [10, 11] , including T2609, T2638, and T2647 (Dictyostelium DNA-PKcs; S2789, T2814, and T2822).
DNA-PK Is Not Required to Combat DNA DSBs in Vegetative Dictyostelium Cells
Strains in which dnapkcs or ku80 have been disrupted (dnapkcs -and ku80 − ) were verified by Southern blotting (data not shown) and Western blotting by using antibodies raised against recombinant Dictyostelium DNAPKcs or Ku80 ( Figure 3A) . Expression levels of either Ku80 or DNA-PKcs do not change significantly throughout the life cycle of this organism (data not shown) and neither dnapkcs − nor ku80 − strains exhibit any obvious defects in development (data not shown), consistent with neither protein playing a role in this process.
Given that loss of mammalian DNA-PKcs renders cells hypersensitive to DNA DSBs [1], we investigated whether Dictyostelium lacking either DNA-PKcs or Ku80 are sensitive to the DNA DSB-inducing agent bleomycin. However, neither vegetative dnapkcs − nor ku80 − strains exhibit any increase in sensitivity to bleomycin when compared to wild-type controls ( Figure 3B ). band that comigrates with overexpressed recombinant epitope-tagged Dictyostelium H2AX (data not shown). Consistent with a lack of sensitivity of vegetative dnapkcs − and ku80 − strains to bleomycin ( Figure 3B ), H2AX phosphorylation is still apparent in these strains after administration of this agent during vegetative cell growth ( Figure 5D ).
DNA-PKcs Is Required to Effectively
In order to establish whether DNA-PK is required to phosphorylate H2AX during G 1 , Ax2, dnapkcs − , or ku80 − strains were induced to germinate from spores, incubated in bleomycin for up to 1 hr while these cultures were in G 1 , and phosphorylation of H2AX assessed by Western blotting. Induction of H2AX phosphorylation is observed in Ax2 cell cultures after addition of bleomycin ( Figure 5E ). However, much reduced phosphorylation of H2AX is observed when bleomycin is administered to dnapkcs − strains, illustrating that Dictyostelium DNA-PKcs is required for signaling DNA DSBs to H2AX during G 1 .
Surprisingly, phosphorylation of H2AX is evident in ku80 − Dictyostelium strains after treatment with bleomycin in G 1 ( Figure 5E ). These data suggest that either Ku80 is not required to mediate the DNA-PKcs-dependent phosphorylation of H2AX during this stage of the cell cycle or that in the absence of Ku80 another kinase can compensate for loss of DNA-PK function. Previously, caffeine has been shown to sensitize Dictyostelium cells to ionizing radiation [18] . Given that caffeine is known to inhibit the kinase activities of mammalian ATM, ATR, and DNA-PK with different IC50 values in vivo [19, 20] , we compared the concentrations of caffeine that are required to inhibit the phosphorylation of H2AX in Ax2 and ku80 − strains exposed to bleomycin during G 1 . DNA-PKcs-dependent phosphorylation of H2AX in G 1 Ax2 cultures exposed to bleomycin persists at caffeine concentrations above those required to inhibit phosphorylation of H2AX in the absence of Ku80 (Figure 5F) . Thus, phosphorylation of H2AX observed in the ku80 − strain in response to bleomycin administered in G 1 is likely to be attributable to another kinase other than DNA-PK.
Discussion
Recently, in silico studies have lead to the identification of potential DNA-PKcs orthologs in nonvertebrate organisms [21] . Here, we report the functional identification of DNA-PKcs in the nonvertebrate Dictyostelium. It is well established that NHEJ-mediated DNA repair can occur in a wide variety of organisms. However, the de- We rationalized that a sensitivity of dnapkcs − and ku80 − strains to bleomycin would be revealed under circumstances in which HR is defective. Unfortunately, we have been unsuccessful in generating Dictyostelium strains defective in components of the HR pathway. Given that deletion of certain HR pathway components can lead to cell lethality in higher eukaryotes [23] [24] [25] [26] , it is possible that disruption of the HR pathway in Dictyostelium may lead to cell inviability. As an alternative strategy, therefore, we exposed dnapkcs − and ku80 − cells to bleomycin in G 1 phase of the cycle and, consistent with our hypothesis, both strains exhibit sensitivity to this DNA damaging agent under these conditions. Although we have yet to directly assess NHEJ in Dictyostelium, these data suggest that similar to mammals [27] and yeast [28, 29] , NHEJ is required for Dictyostelium to efficiently combat DNA DSBs during G 1 phase of the cell cycle. Dictyostelium DNA-PKcs is clearly required for efficient phosphorylation of H2AX during G 1 . Surprisingly, H2AX phosphorylation is evident in ku80 − strains. However, DNA-PKcs-dependent phosphorylation of H2AX in G 1 Ax2 cultures exposed to bleomycin persists at caffeine concentrations above those required to inhibit this phosphorylation event in ku80 − strains. Thus, bleomycin-inducible phosphorylation of H2AX in G 1 -phase ku80 − cells is not attributable to DNA-PK. One possible explanation for this is that although DNA-PKcs is absent in dnapkcs − cells, the Ku70/Ku80 heterodimer is still capable of interacting with sites of DNA damage. One consequence of this could be that Ku protects DNA ends and inhibits other kinases from being recruited to the site of DNA damage. However, in ku80 − strains there is no protection of the DNA ends, allowing another kinase(s) that phosphorylates H2AX to gain access to the sites of DNA damage. Given recent advances that allow the disruption of more than one gene in Dictyostelium [30, 31] , it will be interesting to investigate this possibility by disrupting candidate kinases that phosphorylate H2AX in a ku80 -genetic background.
The classical view of PIKK family function in higher eukaryotes is that while DNA-PKcs is required for NHEJ of DNA DSBs, ATM and ATR signal DNA damage to components of the cell cycle checkpoint machinery [6] . However, this compartmentalization of the roles of different PIKKs in the DNA damage response is becoming increasingly blurred. For example, phosphorylation of H2AX in response to DNA DSBs can be performed by ATM or DNA-PKcs in a functionally redundant manner [32] , and although ATM was believed to play a minor role in NHEJ, recent evidence suggests this kinase is required for processing of DNA DSBs in order to allow efficient DNA end joining [33] . Although conservation of DNA-PKcs was until recently thought to be limited to vertebrates, ATM and ATR exist in a wide variety of eukaryotes ( Figure 2B) . Although Dictyostelium has a functional ortholog of DNA-PKcs, no ATM ortholog is apparent in the genome of this organism ( Figure 2B) . Thus, one plausible explanation for the conservation of DNA-PKcs in Dictyostelium might be to compensate for loss of ATM. In the future it will be interesting to test this possibility further and assess the role of DNA-PKcs in both NHEJ and cell cycle checkpoint control in Dictyostelium. 
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